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Structural, Chemical, and Electronic Properties or Cu/Ta(Il( R- it
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The prtpcrtics of ultrathin Cis filmns onl a ia(l 10) substrate have beeni studied using X-ray photoelectr 'on
spectroscopy (XPIS), low-energy electron diffraction (LEED). temnpcrature-prograrnmed desorption -fPDT,
and infrared reflection adsorption spectroscopy (IRAS). For coverages of <1.2 nionolaycr the Cu averlayers/'grow pscudomiorphic with respect to the Ta substrate. XPS results indicate that the Cu(2p,12) binding energy
of thc supported Cu atomns is perturbed by +0.3 cV compared to that of thie surface atoms in Cu(100). These

Thisis vidnce by O TD rsuls whch ndiatea 50 K increase in the CO desorption temperature as well/1 /Ias a CO stretching frequency that is 20 cm-1 higher thani observed for the Cu(lII I ) surface. A comparison of
these results with those previously obtained for Cu overlayers on different substrates shows a correlation among
thle elcct ron ic Ilert u rbatIions of thce ad Inycrs. thle met nl - su bstratec bonds i rcnigthI s, t le CO0 dcsorpt ion temlpera tu res,
rnod the C 0) sircicliiig fictitencicis.

1. Introduction It. Experimental Section
'I'ictudofthestuctra, cemcal tndelectronic propeirties The experiments were performed in two separate ultrahigh-

ofutrhesin d taofthc nstrc urapcheiclnd onsnl~rsa iti VACUUM (UI IV) chambers. The first system (base pressure :55
orulstrathisn metival films supported onsinglcryistacrol metd X( 10 "( Torr) was equipped for AES, XPS, LEED, and TPD

in several important bimetallic catalysts, Cu overlayers have been maueet n a endsrbdi ealeswee2 h
studied on a variety of substrates.'") A major goal in these second system (base pressure :52 X 10-10 Torr) was equipped for

LOstudies of model bimetallic systems has been the dletermlination elwhr.Te IRAS. sELED pectan were acquirdefori25b san in dti
of how the changes in physical and electronic structure change tichesnlrcfectihn mod seatra wre acquirnfed- fornd sanincidnc

the chemical properties of the overlayer, i.e., the catalyst. Once hsncreltinmdaarsouoo(c-1nasicdne
determined, the trends observed could lead to the design of angle of 850 off the surface normal.

Rtctlst ihspcfcprpris The Ta(l 110) crystal was attached to the manipulator by two
c0ayt0it pcfc rpris Ta support leads, and the sample temperature was monitored by

C4Temiperature-prograninicd desorption (TPIJ) results for Cus a WV/ 5% Re-W/26% Re thermocouple spot-welded to the sample
on Re(000l),15 Ru(000l1),' Mo(l 10)." and Rlt(lO0)10 show two edge. Thie manipulator allowed resistive heating to 1600 K and
discrete features corresponding to Cu desorption from mionolayer liquid nitrogen cooling to 100 K. An electron beam assembly

S and mL'lfilayer states. For Cu on Pt(l 11), on the other hand, allowed heating to 2400 K. Thesurface was cleaned by successive
___ only one Cu desorption feature is observed and is attributed to annealing cycles to 2400 K. The cleanliness and long-range order0the formation of a Cu-Pt alloy." Studies of CO chcmiisorption were verified with ALES, XPS, and LEED.

have shown that tue CO desorption temiperatures fromt monolayer Cu was deposited onto the crystal surface via evaporation from
Cis on Rc(000l), Ru(0001), Rh(l00), and Pt(l 11) arc 205,"S a resistively heated W wire wrapped with high-purity Cu wire.
210,1 240,11 and 250 K,'1 respectively. These temperatures are To cnsure Film cleanliness, the surfaces were flashed to 500 K
higher than is observed for CO desorption from Cu(t 11) or after metal deposition (unless stated otherwise) to remove possible
Cu(100) (18r, K).21 lin addition to TPD, Auger electron contaminants, after which no contaminants were detectable by
spectroscopy (AES). X-ray photoelectron spectroscopy (XPS), XPSorAES. All adsorbateccoverages are referenced with respect
infrared rclflection-absorption spectroscopy (I RAS), and low- to the numiberof Ta surface atoms (1.30)X 10"5 atoms/cm2 ) with
energy electron diffractiont (LEED) have been used tocliaracterize one Cus atomn per Ta atoll corresponding to Oc. 1.00 monolayer

Z01 the ultrathin Cu layers on these substrates.' 2" These studics (ML). Linear heating rates of 5 and 10 K/s were used in the
have shown tltat at IOU K Cu typically forms a stable bilayer, CO and Cis desorption nmeasuremnents, respectively.
with additional layers beintg metastable, coalescing into 3-0 islands The Cu(2p) and Ta(4f) XPS spectra were acquired using an
upon annealing to -600-900 K.' "4 Al Ker X-ray source and a hemispherical energy analyzer. The

03The results of our recent study of ultratltin Cu Films onl the Cu(2p3 12) binding energies were referenced to the Ta(4f) peak
Ta(l 10) substrate will be presented and discussed in this paper. with an experimental error of 0.03 cY. Detection was normal to

'4 The structural, chemical, and electronic properties of the Cu/ the surface in XPS and AES.
Ta(l 10) system will be compared to previously studied Cu
ovcrlayer systems, and the results will be analyzed for observable Il1. Results
trends in the Cu-substrate bond strengths, electronic perturba- The thermal desorption spectra ofCu overlayers fromTa(l 10)
tions, and CO desorption temperatures. are shown in Figure 1. For submonolaycr Cu coverages, only one

___________________________________________ dtsorptiiumý (tatutt is present, with the desorption templtwure of
To who,,, comrspondvice should be addiessed. these filmns shifting toward higher temperature as the Cus coverage

tPresent address: Frank J. Seiler Research Labs, USArF.ca'deii~y. Cd is iitcrensed. For I MI, of Cum, the desorption temperature is
11Msn 30340.. : -22tnrto hyisadAMooul n a o found to be 1265 K. For Cu coverages greater than I ML, two

Surface Modification, Rutgers. The Slate University or New Jersey. Pilcat. features are present, witlh the new desorption peak occurring at
a way. NJ OS.011155049. a lower temtperature than for the monolayer peak. Thte fact that
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C uIra(I 10) peak centroid is plotted with respect to thc Cu coverage asdetermined via TPD measurements. For coverages greater than
I ML. the XPS spectra represent a combination of electrons

__ being cmitted from surface and subsurface Cu atoms. Previous
Z experiments on Cu( 100) have shown that there is a 0.22-cV shift
D to lower binding energy for the surface Cu atoms compared to

bulk copper. 29 Figure 4b compares the 0.17-eV shift to lower

-6 ML binding energy of the surface layer of Cu atoms on a pure Cu
_ sample to the 0.1 3-cV shift to higher binding cnergyofa monolaycr

of Cu on Ta(l 10). This indicates that the Cu monolaycr on
Cu/Ta(l 10) is shifted 0.30 cV toward higher binding energy

__ compared to the surface layer of Cu in Cu( 100).
2,1 ML CO TPD spectra from Cu/Ta(1 10) surfaces arc shown inFigure 5. For CO adsorbed on a clean Ta(1 10) surface there

CO were no CO desorption features for temperatures between 100
0.7 ML and 1500 K. For Figure 5a, the Cu was deposited onto thesurface

1.2 M.. 0.4 ML at 100 K prior to a saturation (20 langmuirs) CO exposure at 90
0.1 ML K. For subinonolayer Cu coverages. as the Cu coverage increases,

900 Woo 1100 1200 1300 1400 there is a corresponding decrease in CO desorption temperature.

TEMPERATURE (K) This likely reflects the deposition of the Cu overlayers as a random
mixture of small 2-D and 3-D islands. Extrapolating the CO

Figure 1. Thermal desorption spectra for Cu films on Ta( 10t). The Cu desorption temperatures to zero Cu coverage yields a temperaturefilms were vapor-depo~sited at -350 K and anncaled to Sint K prior ItoTPD acquisition. of -275 K. This would be the expected desorption temperatureof CO from individual Cu atoms on a Ta(l 10) surface. For Cu
coverages of ?t0.9 Nil., CO desorption occurs at 180 K, whichforming multiple layers on the Ta(1il) surface; that is. Cu and is very similar to that observed for Cu(l i 1).2 This implies aTa do not form an alloy. This is supported by the solid-state predominance of 3-D Cu clusters on the surface. A possibleCu-Ta phase diagram which indicates that, at the concentrations explanation for this unusual 3-D cluster predominance at

and temperatures used in this study. Cu and Ta are immiscible, monolayer coverages is that the dissociated adsorption f CO an
Thebare Ta domains leads to a buildup of atomic C and which

temperature as the Cu coverage is further increased, and the induces clustering of the Cu adatums. Figure 5b shows the CO
traces for his peak exhibit a common leading edge typical of the desorption spectra from Cu overlayers which were annealed to
zero-order desorption kinetics observed for copper overlay- 900 K prior to receiving a saturation CO exposure at 90 K. Aters.-i-ior dsr,2 t L iadingedgtanalysisoftheCu/Tda(, or )desorp ion low Cu coverages, two peaks are present at -230 and - 210 K
data yields a desorption activation energy of -73 kcal/mol for (az and az, respectively). For coverages greater than 1 ML. the
the multilayer desorption state. This value of 73 kcal/tol for a, peak persists with a new peak at - 180 K (a3) growing in andmowith the bulk sublimation energy eventually becoming dominant. The a, and a3 states likelymultilayer Cu compares well with T he bu subimaturerg correspond to CO desorption from the pseudomorphic overlayerof Cu (-76 kcah/mol 28). The Cu desorption features arising
from monolayer and submonolayer Cu films, however, have and 3-I) clusters, respectively. The origin of the a2 peak is
neither the common leading edges and sharp high-temperature uncertain but could correspond to CO desorption from the Cu/
tailscharacteristicofzcro-orderdesorptionnortlhecommonpeak Ta interface between the substrate and 2-D or 3-D Cu islands.
desorption temperature characteristic of first-order desorption. The fact that aiinealed subinonolayer Cu filns do not exhibit a
Therefore, the desorption kinetics are likely fractional order. A predoiiinance of 3-1) Cu clusters implies that the CO that is
Redhead analysis of the monolayer desorption peak (which is at dissociatively adsorbed on the bare Ta domains cannot induce
a constant temperature for 1. 6 N IL Cu films) yields a desorption clustering of the Cu t) a significant degree.
activation energy of -79 kcal/niol. Figure 6 illustrales the effects of CO adsorption on the Cu-

Ordering of the Cu overlayers is evident from L.E"D obser- ( 2p/2) binding energy region for monolayer and submonolayer
vations. Figure 2 shows typical I3EED patterns observed for coverages of Cu. The Cu was deposited at - 110 K and flashed
different overlayer coverages at ---100 K. For submonolayer to 500 K prior to a saturation CO exposure (20 langmuirs) at
films annealed to 900 K, the pattern observed (Figure 2b) is a - 110 K. The formation of a CO-Cu bond shifts the Cu(2p3/ 2)
diffuse(l X I) pattern indicating that the Cu adatoms are forming peak 0.30 eV toward higher binding energy at a Cu coverage of
small pseudomorplhic islands. For Cu coverages greater than I Mi.. For low Cu coverages, the induced shift was even larger
- 1.5 ML that were annealed to 900 K, a (9 X 2) pattern is (-0.40 eV). These binding energy shifts were reversible. The
observed (Figure 2c). A schematic illustration of the (9 x 2) bindingenergyobservedafter flashing to5OOK todesorbtheCO
LEED pattern is shown in Figure 2d. The mnultiple diffraction was identical with the binding energy observed before CO
spots along the (I 10) crystal axis indicate a lattice mismatch adsorption.
along this axis with the Cu overlayer comipressing along this axis IR spectra for CO adsorbed on different Cu coverages on the
to assume lattice dimensions that are closer to those of Cu( l l). Ta( lIt)) substratc are shown in Figure 7. In Figure 7a, Cu
LEED observations for nunannealed Cit monolayers show only deposition, COdosing, and spectral acquisition were all conducted
dirfusc(I x 1) patterns with relatively high background intensity. at 90 K. In Figure 7b. the Cu was deposited at 90 K, annealed

Figure 3 shows XPS spectra of the Cu(2pj/ 2) peak for different to900K, and then cooled to 90 K for the saturation CO exposure
Cu overlayer thicknesses. To ensure surface cleanliness, after and spectral collection. CO adsorbed onTa(l 10) gives abroad.
theCu wasdeposited onto theTa(l 10) substrate at -350 K, the weak feature at -2100 cm-t indicating that although CO does
sample was annealed to 500 K to remove any adsorbed CO prior not desorb from T1 (I110) at temperatures <1500 K, CO adsorption
to spectral acquisition. Adlayers with a thickness of less tihan or at 90 K is not entirely dissociative. The large width of the CO/
equal to I Ml.showaconstant peak position of 933.03 eV which Ta(l 10) IR peak suggests considerable inhomogeneity in the
shifts to 932.90 eV as the Cu coverage is increased. This peak adsorbed CO. This could be due to the atomic C and 0 that are
shift is shown more clearly in Fignre 4a where the value for the also present on the surface due to CO dissociation. In Figure 7a,
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co0currafi 10) COCu(Tat 101 o 1.59 X 1i05 atoms/cn 2 , which reflects the compression of the
U(N-E.A ML Nc.-,nr ML overlayer to a coverage that is closer to the surface atomic densityUNANNEALEb UNANNEALEO of Cu(l 11) (1.77 X l015 atoms/cm2). This coverage likely

1o.000s 2135 .1 0.001 1& represents an equilibrium between two opposing forces on the Cu
-215 K - 2118 275 K overlaye;. One is the strain induced in the Cu overlayer by

Wu 221 225K expanding the Cu( Il l) lattice to pseudomorphically fit the (110)
o- :: 21 2 surfaceofTa. Theother is the Cu-Ta bonding interaction, which
<213 200 .4 7 200 K ia stronger than the Cu-Cu interaction for 0c. :5 1.2 ML, driving
cc cc • '" the Cu overlayer toward a pseudomorphic morphology. Thus,
O 176K 0 129K the 1.22 NIL Cu overlayer density value represents a balance

223 GO between the pseudomorphic 1.00 ML overlayer and a Cu(I 1i)
12K 125K (1.36 L equivalent) structure.

0KSKThe (9 X 2) LEED pattern observed for Cu/Ta(1 10) is shown
El , -in Figure 2c and represents multiple diffraction of the electrons

2200 2100 2000 1900 2200 2100 2000 1000 from the Cu overlayer. This phenomenon is not limited to Cu/
WAVENUMBERS Ta( 10) but has been observed for several systems,3" 2 with the

WAVENUMBERS substrates typically being the (I 10) faces of bcc refractory metals.

Flgure9. IRspecIra ofCO/Cu/Ta(I10): 0.1 MLofCu (a) or0.33 ML For the case of Cu/Ta(l 10), multiple diffraction was observed
ofCu (b) was deposited at 100 K with a subsequent saturation CO exposure along the (Ii0) crystal axis. however, for other systems, the
at 90 K. The spectra were collected at the indicated temperatures,. splitting has been observed along the (001) and (110) directions.

cO0cunotl101 colcu/TstI to) .... In adldition. for Cu/Mo( 110) and Cu/W(I 10), splitting has been
t) ............. -,C.-, AML lobserved alnog both crystal axes with the orientation depending

I M^ AEtI upUE^LoE UoXn coverage and temcperature. 2 3' For Cu/Nb(l 10), on the
I0.I02 0 %00 other hand, a LEI) pattern indicative of Cu(100) was observed

225 K 240 K at subimonolayer coverages with a Cu( I l) type structure growing
2102 lo0 K 2 in at higher coverages. 42 Thus. it appears that the overlayer

C.) 2,02, structure and axis along which the overlayer compression occurs
,.205 lo s depends not only upon coverage and annealing but also upon the

1 200 specific substrate and its temperature.00 El 52 X rr 2083 8K

0: 0.50 K The XPS results indicate that the atoms in a monolayer of Cu0 2105---- on Ta(l 10) have a higher Cu(2p3p) binding energy than theco o
1 2sK 4 125 K surface atoms in Cu(100). This agrees with the results for Cu/

Mo( 110)13 and Cu/Re(0001 ),1t.6 which also show shifts toward
80K 8K higher binding energy. These results indicate that electronic

- -..... charge is transferred from the overlayer Cu atoms to the Ta, Mo,
2200 2100 h000 1900 2200 2100 2000 1800 and Re substrate atoms upon bond formation. The removal of

WAVENUMBERS WAVENUMBERS charge from a Cu atom to form a bond with thesubstrate increases
the energy necessary to remove a core electron in the XPSFigure 10. IR spectra of CO/Cu/Ta(ll0). Approximately 1.8 MLof masrenladgtohebsrdshftwrdihrbnin

Cu was deposited at 100 K and either left unannealed (a) or annealed measurementleadingtotheobservedshifttowardhigherbinding
to 900 K (b) prior to CO exposure at 90 K. The spectra were collected energy. Shifts in core level binding energies, however, must be

at the indicated temperatures. regarded cautiously since changes in the screening of the core
hole (final state effects) could give rise to the observed shifts.

prior to CO adsorption. In Figure I 0b, the low- frequency shoulder Several factors indicate that charge transfer is the primary source
that was present in Figure 8b for low CO exposures is present of the core level binding energy shifts. For example, the mag-
at elevated temperatures where the CO coverage is reduced. The nitude and direction of the charge transfer between overlayer
CO peak in Figure 10a shifts slightly to lower frequency as the and substrate atoms, observed with work function measure-
CO coverage decreases. This is in agreement with the exposure ments,2y. 40.U.S support the UPS". 4 '4' and XPSI°.1st.1. 4 results.
dependence observations shown in Figure 8a but is contrary to This correlation among work function, UPS, and XPS measure-
the shift seen in Figure 9 for submnonolayer Cu filns. ments implies that charge trarsfer is indeed the operative

mechanism leading to the observed XPS binding energy shifts.
IV. Discussion These charge-transfer effects have been discussed in detail

The results presented in the previous section indicate that, on previously in terms of a model where the different metals are

a Ta(l10) surface at 100 K, the Cu overlayer grows via the designated as being electron rich or electron poor.15.-).4 9 Metals

expansion and coalescence of small 2-D islands. In addition, on the left-hand side of the transition series, which are deficient
before the first monolayer is completed, some of these 2-D islands in d electrons (e.g., Ta, W, etc.), are designated as electron poor

nucleate into 3-D clusters. IR spectra of CO adsorbed on these whereas metals on the right-hand side, which have a more than
clusters indicate that they are likely small due to the dominance half-filled d band (e.g., Pd, Pt, etc.), are designated as being
of high-index adsorption sites. For annealed films, the first Cu electron rich. Upon bond formation charge transfer occurs from
layer grows pseudomorphically via the coalescence of small 2-D the electron-rich metal to the electron-poor metal. For Cu. the
islandsintoauniformrmonolayerwithanyadditionalCufor'ning interactions can be explained by using the 3d'0 4s1 electronic
3-D clusters. However, at a Cu coverage of ;- 1.3 M L, annealing configuration to designate Cu as having a half-filled valence band.

leads to the formation of a uniform overlayer that is more densely When a Cu monolayer is deposited onto an electron-rich substrate,
packed than the Ta( 110) substrate. Fronm the (9 X 2) LEED e.g., Ru(0001), Rh(100), or Pt(l ll), for example, the Cu(2pi/2)
pattern observed, the overlaycr is assigned a coverage of 1.22 Mi, binding energy will shift toward lower energy,1°-11 as can be seen

for a uniform layer. Therefore, for coverages greater than 1.22 in Figure I Ia. Likewise, when Cu is deposited onto a substrate

ML, the surface structure corresponds to a 1.22 ML (9 X 2) that has a less than half-occupied valence band (electron poor

uniform layer with any additional Cu forming 3-D clusters on top relative toCu), charge transfer will occur from Cu to thesubstrate.

of this uniform layer. A coverage of 1.22 ML corresponds to These trends are clearly reflected in Figure I Ia for Cu films
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0.4 (a) Ic.=1-0 t),, = 1.0 ML
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SUBSTRATE

- .. .. . . .. '!

t0 -b ,=- CO DESORPT10. - "EMPERATURE

E- 1260 - Figure 12. Correlation between the CO desorption temperature and the

CC P< 1240 CO-induccd shift in the Cu(2p j/j) binding energy for a pscudo rnorphic

o '4 1a22o.C Cu monolaycr on Ta(l 10), Mo(1 10),'J.31 Re(0001) .s5m6 Ru(0001),3•ao.UJ 1200-
a o. R0.l"0),10'11 and P0Cll11)60 substrates and for Cu(100),l C.29

1140 -shown in Figure 1 2, which arc proportional to the strength of the
1120 1.el)M~lifeo0iiu00in~(0 i/ iCU--O bond, do not necessarily correlate with the CO-induced

SUBSTRATE shift (see Figure 12).
Figure If. (a) Shift in th, Cu(2P0/2) binding energy for Cu 0onolaycrs The nature of the CO-substrata chebn isorptive bond has beu n
supported on Taff10). Mo(l10),'i Rc(0Ol), Ru(¶OOI),n°Rh(lO0).10 the subject of umerous stioles, both experimental and thRo-

and PI(I I 11)" substrates. (b) Changes in the desorption tempersturc of rctical..32 3n The conventional description of CO chemisorption
Cu mionolaycrs on T,,(i 10). Mo(I 10).20 and Rtc(0001),' Ru(O()tX)),' is based on the 131yholdcr mlodel 2 where CO-metal bonding is
Rh(100).1° and Pt(I 11)39 31ubstrales, thought to occur via donation of charge from the CO .So orbital
and have been observed likewise for Ni.43."49 Pd.1.4 " and Ags° to all uso ccupiwd metal orbital and by back-donation from the
films on various transition-etal substrates. metal (I orbitals into the unoccupied 2a orbital of CO. It is

Figure lb0showsthedesorptiontemperaturesforanmnolayer generally assC, med that as the CO-substrate bond strength

of Cu from several substrates. The higher de~sorption teniperature increases. thec amount of back-donation must also increase. This
observed for Cu on P tIO 11) likely reflects the alloying that occurs increase: in back-donation into the 21 orbital destabilizes the
between Cu and Pt. Since the desorption temperature of the Cu intmrmolpcular C-0 bond and is believed to be a cause of the
ovorlayer is a good qualitative measure of the bond strunglh dissociative adsorption of CO t bhat occurs in very strongly bound
between the Cu and the substratae, this figure indicates that Cu CO-mtial systems. The increase in CO-Cu binding energy for

Cu mnolyer on a(IIC). MoI l),2 all ReO0O),''Rutl~t)), is asdono r the hilyhtoleri modlbswhraes COmea l b oendisusdingi

overlayhrs arc bound less tightly to Re ttcan to metals on eitheruroniason ation- fchargesfromtheC dis
end of the transition series. These bond strength diffirancd s detail previously4n'u and has been attributed to an increase in the

correlate well with the charge-transfer trends shown in Figure ability of the Cu atomis to back-donatt charge into the CO 21r
I Ia. The greater the magnitude of charge transfer. the greater orbital, leading ton stronger CO-Cu bond. Theoincrbas Cin CO-
the bond strength between the ovcrlaytr and he substrate. I tnis Cu binding energy fordCu ta onolaysrs on -su tron-poorsubstrates,
important to notice that for certain cass the bond is formed by on thce other hand, is not consistent with a model wherean increase
charge transfer from the CIl overlaycr to the substrate and in in 2 in back-donation leads to an increase in CO-metal bond
others by the Cu accepting charge from the substrate. Thus, the strength.

data obtaind in thissag dyqrclin t xcilent agreeof etht with previons Recent thaorctical calculatios for CO adsorbed onl different
data showing that charg te subtratser ths tige onrlaycr ante te siztd Cu alusters iTdicte th therea arc two main contributions
substrate plays an important role in dtRethining tole ovcrIlayer - to n aersl-CO eleding: intraspchses charge polarization and
substrate cohesive bond strength. This corrend tion bgtwhdiferene indcspeci pechiargoul ra ansfdr.hsee aTtributcrspccinscrargetranfter
overlayer binding henrgy shift an e the ovsrlayFr-substraie bond has two main components: CO-a to metal charge donation and
strength is a general phenomenon and has been observed for Pd metal ld to charge back-dCuon. Of the ice metal to

a nd Ni ovcrlayers as discussed elsew hecre.15.49 For a detailed CO-3- i,.ck-donation has been shown to be more important in
discussion of the relationship between charge transfer and the CO-inbiai bond formation.o- er Moot previousndiscussionsboftCO-

overlaycr-substrate bond, the reader is referred to refs 15, 43. metal bonding,52-5' however, have neglected the importance of
and 49. nitaforicsibni re y otheolhrihan ishe metal and CO charge densities to produce

Changes in tra electronic properties of the overlaye r should be an attractivedipolo-dipole interaction. The polarization of metal
reflected in the chemical properties of tne surface. Figure 12 is charge away from the CO is a result of the necessity of reducing
a comparison of the dysorption temperatures of CO adsorbed on til e repulsive charge supcrposition interaction between the CO-

uniform. annealed, monolayerCu filmsand thcshift in thcCu(2p)3/ So and metal-s charge distributions during bond formation
a) binding energy induced by the adsorption of CO. T he Cu between Cu and CO. Thus, it is possible that the aincotatrib the

monolayers which have withdrawn charge frong the substrate Co-Cu bInd strength for Cu monolayrers olriation n-poor
(shifted toward lower binding senrgy) show a larger CO-inducd substrates could be a direct consequence of the charge transfer
shift compared with the Cu monolayers that donated charge to fro theCuton hesubstratp . This would increase thd net charge
the substrath (shifted toward higher binding energy). vhe CO- polarization of Cu electron density away from the COt leading
induced sNift is always toward higher binding energy, indicating to a stronger dipo a-dipole inductive bond betwmon the CO and
that, wden bonded bo CO charge flows from the Cu overlandt. Cu. Therefore, it appears that the two main factors affss ting
An earlier study ofsuppor ted Cu overlayers indicated that a good CO-nietal bond strength are (1) the amount of ei-back-donation
correlation existed between the CO desorption temperature and and (2) the polarization interaction between the CO dipole and
thaCO-induced shift.h e l owver, it is noteworthy that thle data the partial positive charge oii the metal ctnt.r. Tho combination
presented here for Cu/Ta(I i0) when combined with data for of ahway effcts determines the trend seen in Figure 12. The
Cu/Mo(mpr0)s.sl indicatsrthot the CO desorfdion temperatures trends shown in Figure 12 should be verifiable through a
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.metal centcr. This would in turn lead to an increase in the observed
cuc, 1.o ML CO stretching frequency. It is the complex combination of all

of these effects that determines the trend seen in Figure 13. It
7cKuitit should be noted that the two main features apparently affecting

20-,s-,. -_ the CO stretching frequency (w-back-donation and polarization
241 I iCl i,,mntlo 10) interaction) are the same factors discussed earlier that apparently

20•-, -dominate the CO-Cu bond strength. Additional studies with
other metal overlayerx need to be conducted to determine whether

'too -- c:.',.lma) the effects observed here owily occur for Cu films or whether they

can be generalized to other overlayer systems.

Cut I0 The IR data for CO/Cu/Ta(l10) typically exhibit one
23 ,s cr't e irall adsorption peak for a aiven Cu coverage. In addition, this feature

corresponds to CO adsorbed on a-top sites on the Cu overlayer
205CM2, 301K Cu/r-ta t 101 atoms. In Fill Cu overlaycr sysites studied todatc,CO adsorption

4 0ons•. r-has only been observed to occur on a-top sites}.9.12.11 Figure 8

shows that an annealed 1.5-NIL Cu filn exhibits two features
corresponding to CO adsorption on two dissimilar Cu sites. As

U CO OESORPTION TEMPERATURE the COcoverage increases, the low-frequency featureshifts toward
. CO STRETCHING FREQUENCY higher frequency and at saturation coverage is a barely perceptive
Figure13. CO STrelat CHI F C tshoulder on the main peak at 2102 cm . A comparison of parts

Figure 13. C ,-relation between the C-O stretching' frequency and the a and b of Figure 8 implies that the low-frequency feature in
C(') desor ption temper a luref to nalpsciitnmoi ,hie ('i iiiniilayer (li

In(I tt)), ut'ii(ttXil ),''ilt ItfiliIttI1' Pn t I itt )Iii sih~irale' f,•t Figure 8h is likely due it) (. adsorption onl the 2-D uniform film
(ii(t I I).", amid that the high-frequency peak thus likely corresponds to

ailsorlttit on Cii clusters on I te uniform filn. The structure of
COmlIII itI orf thie shifis in tie Ih ( sitrctctihii fi qttuct-y of ttie this overtnyer (as disc•s.qed earlier) is best described as a 1.2-ML
nilsorhed CO. uniform Cu layer with the remaining 0.3 ML existing as clusters

The .trlctciing frequency of CO adsorbcd on a well-ordered on top of this layer. Therefore, the CO on the uniform layer
Cu nmonolayer ot "'an(I I0) is 2095 cm I as can be seen in Figure should comprise a larger portion of the total CO surface coverage
7b. An identical frequency has been observed previously for Cu/ than the CO on the clusters. However, the reverse is seen in the
Rh(100) and Cu/Pt(I 1 ).12.'a This frequency, however, is quite observed IR spectra and can be attributed to screening and/or
different front the2075-cm-i valucobserved forCO on Cu(l Il).30 sharing of the low-frequency peak (uniform layer) intensity by
In Figure 13, the stretching frequencies and dcsorption temper- the high-frequency peak (cluster). ' .3 -3-5 This peak assignment
atures of CO adsorbed on several monolayer Cu films are is supported by a comparison of the TPD data in Figure 5b and
compared. From this figurc, it is apparent that the stretching the spectra in Figure 10b. TPD shows that CO desorbs from the
frequency of the CO adsorbed on these Cu films correlates well Cu clusters at a lower temperature than from the uniform Cu
with the CO desorption temperature. The fact that there is a flIn. In Figure 10b, the high-frequency feature has been greatly
correlation between the CO stretching frequeticy (which is reduced in intensity at 180 K with the low-frequency peak
proportional to the strength of the C-O bond) and the CO becoming visible. Although the low-frequency feature never
desorption temperature (which is proportional to the strength of becomes the dominant feature, the fact that it becomes visible
the Cu-CO bond) is surprising since Figure 12 shows that the indicates that the high-frequency peak has been reduced to--510%
"CO desorption temperature does not correlate with the CO- of the total surface CO with intensity sharing perturbing the
induced shift in the Cu(2p3/2) binding energy (which is propor- peak heights to give the observed intensities.iX-35
tional to the amount of i-back-donation).

The typical view of the CO-substrate interaction is that an V. Summary and Conclusions
increase in i-back-donation should cause a decrease in the C-O
stretching frequency. 2-56 However, it is clear from Figures 12 1n thisstudyof ultrathin Cu overlayersonTa(l 10) it hasagain
and 13 that the stretching frequency of CO adsorbed on supported been shown that the properties of a Cu monolayer supported on
Cu monolayers does no( correlate with the amount of i-back- a dissimilar single-crystal substrate are quite different from those
donation (as measured by the CO-induced shift). A correlation of single-crystal Cu. The differences are reflected as changes in
between the CO stretching frequency (C-O bond strength) and the structural, electronic, and chemisorptive properties of the Cu
the CO desorption temperature (Cu-CO bond strength) was film. In particular, it was observed that (1) a monolayer or less
observed previously for a limited number of supported Cu of Cu on the Ta(t 10) substrate forms a pseudomorphic film, but
ovcrlayerst 5 and is found to still be valid for the additional data annealing 1.2 MLofCuon a Ta(l 10) substrateinduces a change
presented in this work. Ilowever. this correlation is difficult to in the film morphology that produces a more densely packed
explain using simple molecular orbital theory models. Previous uniform 2-D film with a mismatch occurring along the (110)
calculations have indicated that tht CO stvetchingT frequency is axis of the substrate. (2) The Cu atoms in the overlayer donate
influenced by the following: (I) i-back-donation, (2) the charge to the Ta substrate atoms upon bond formation. (3) CO
interaction of the COdipoleand the electronic chnrge distribution chemisorbed on the uniform 2-D Cu film is bound more tightly
around the metal atom, and (3) the repulsion occurring when the than it is on a pure Cu surface. In addition, the adsorption of
CO molecule stretches in the presence of a rigid surface (the CO shifts the binding energy of the Cu to higher energy. (4)Tbe

"wall effect").33
.
56.5. Overall, w-back-donation domninates (in stretching frequency of the adsorbed CO is shifted 20 cm-t higher

agreement with theory56-St ) and gives rise to a vibrational than for CO adsorbed on Cu(I i1). (5) The data presented in
frequency lower than that of gas-phaseCO (2143 cmi). However, this study correlate well with data obtained for other Cu overlayer

tile data shown in Figure 13 imply that the CO stretching systems. The charge transfer between the Cu overlayer and the
frequency is also influenced by the polarization interaction between substrate was found to follow a model predicting the charge to
the CO dipole and the charge density on the metal center. A flow from the electron-rich mctal to the electron-poor metal with

tighter Cu-CO bond implies a shorter Cu-CO bond length, and Cu acting as a metal with a half-filled valence band. In addition,
a shorter Cu-CO bond length would yield a greater repulsive the bond between the CO and the Cu film was found to be

interaction between the CO dipole and lhe char e density on the comprised of both r-back-donation and polarization interaction
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co~mponcnts. Contributions froui both determnine the observed (25) (a) T'racy. J. C. J. ('hem. Phyj. 1972, 36, 2748. (b) Goodman. D.
bond strength. Finally, it was determined that the stretching w.; Peden, C. It. F. J. Chem. Soc., Faraday Trans. 1 1987, 83, 1967.

(26) Campbell. R A.; (oodman. D. W. Rev. Scl. Instrum. 1992.63. 172.
frequency of the CO adsorbed on the Cu flinms correlated will) (27) I ung .- w H.; lIc, J.-W ;GexJman, 1, W. J. Chem. Ph'.r 1990,

the CO-Cu bond strength, not wit h the amouint of btsck-donaIio 913. 83281
CO 2w obi (28) )IandthooA off(henusrry and Physics, 67th cd.; CRC: Boca Raton,

into Kt O2 orbita.,:F. 1986; p D-44.
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